A novel optical fiber [comblike dispersion-profiled fiber (CDPF)] that consists of a chain of alternating segments of standard telecommunication fiber and dispersion-shifted fiber is proposed for the generation of a soliton pulse train based on nonlinear transformation of an optical beat signal. A totally integrated all-optical fiber source of a 59.1-GHz train of 2.2-ps solitons is demonstrated with a CDPF. For a beat signal generator we use a dualfrequency erbium fiber laser incorporating fiber grating reflectors that provides 16-kHz linewidths and a low phase noise of optical beating (< 5 x 10-5). Significant suppression of stimulated Brillouin scattering, which is essential for this technique, is achieved in the CDPF.
The stability of an optical soliton, 1 which relies on the balance of nonlinear refraction and dispersion, occurs in the two extremes of perturbation-the adiabatic 2 and average 3 -5 regimes. Under adiabatic perturbations, the continual balance between the nonlinearity and the dispersion is conserved, and the soliton duration changes after variations in energy and dispersion. In the average (or guided-center) soliton description, solitons exist as a result of the average balance between the periodically varying nonlinear phase shift and dispersion. In this Letter we combine these two descriptions and address average solitons under the effect of a slow perturbation of the average balance.
We study an optical fiber in which the effects of fiber nonlinearity and dispersion are spatially separated. This can take place when the fiber dispersion is profiled by alternating segments with high anomalous dispersion and minimum absolute dispersion at the operational wavelength. In fact, the dispersion-length profile of such fiber has a comblike shape, and we call this fiber a comblike dispersionprofiled fiber (CDPF). In-the zero-dispersion segment of CDPF, the nonlinearity dominates and provides phase modulation of the pulse. In the next segment, the dispersive effect dominates. Selecting appropriate lengths of fiber segments, we can control the dispersion and the nonlinear phase shifts, permitting controllable average soliton propagation. The attraction of CDPF is that it can be fabricated for operation near 1.55 jam by two conventional types of optical fiber-standard telecommunication fiber (STF) and dispersion-shifted fiber (DSF). Here we demonstrate the application of a CDPF for the generation of a soliton pulse train by an all-optical method, utilizing conversion of a narrow-linewidth dual-frequency optical beat signal. The technique was previously demonstrated with dispersiondecreasing fiber for beat signal conversion.6-8 We show theoretically that, in a properly designed CDPF with a relatively small number of segments, an optical beat signal can be reshaped into a highquality train of solitonlike pulses. A CDPF was experimentally designed and used for generation of a 59.1-GHz train of 2.2-ps solitons. With this CDPF, stimulated Brillouin scattering (SBS) was significantly suppressed, enabling us to use as a beat signal source a 16-kHz-linewidth dual-frequency distributed-Bragg-reflector erbium fiber laser with high stability of frequency separation.
Pulse propagation in the CDPF can be described by the nonlinear Schrodinger equation with a varying dispersion coefficient: vided that the nonlinear phase shift over each segment is much less than ir/2.
We can vary the average dispersion over the length of the CDPF by altering the ratio of the nonlinear to the dispersive segment lengths from step to step. A CDPF with decreasing average dispersion along the length can be designed following the analogy with dispersion-decreasing fiber. As such, we can expect average soliton train generation in a properly designed CDPF. This approach was examined and confirmed by our numerical simulations based on Eq. (1). Our main effort has been directed toward optimization of the CDPF to produce a highquality soliton pulse train and minimization of the number of segments (N) in the CDPF. A train of transform-limited solitonlike pulses with no pedestal or background was found to be generated for N = 10
[ Fig. 1(a) ]. The average dispersion profile and dynamics of pulse peak power, duration, and soliton area are shown in Fig. 1(b) , which illustrates the mechanism of transformation of the sinusoidal envelope into a pulse train. In segments with zero dispersion, the pulses within each half-period receive a nonlinear phase shift. This chirp is then nearly compensated for by the dispersion effect in the next segment, which additionally provides pulse compression. It is essential that the pulse area after each step be approximately 1, which characterizes the solitonlike regime of the propagation. The maximum nonlinear phase shift in each step did not exceed 0.17r. Nevertheless, for the compressive effects to be intensified, a 0.337r phase shift was required in the first fiber segment. The ratio of the soliton duration to the pulse train period obtained in this calculation was as high as 1:7.5. This can be further improved by an increase in the number of segments.
For the practical realization, the problem of SBS suppression has to be addressed. The technique involves the propagation of narrow-linewidth radiation along the fiber, and SBS is a dominant nonlinear loss mechanism if the linewidths are less than the SBS gain bandwidth (-20-50 MHz in fiber at 1.5 Aum). 6 In our previous experiments on soliton train generation in dispersion-decreasing fiber, SBS suppression was possible through considerable broadening of the linewidths of two single-frequency distributedfeedback lasers used as the source of optical beating. However, the larger the bandwidths, the larger the phase noise in the generated pulse train. With CDPF the SBS threshold can be significantly increased by use of fiber of different germanium concentrations in the segments. The SBS frequency shift changes with the concentration of germanium in the fiber core as 89 MHz/wt. %. 9 Thus the SBS gain profiles in fibers with a germanium doping variation of 0.5% or more are not overlapped.
In our experimental CDPF we used five conventional DSF's with germanium concentrations of 8-14% and dispersion minima near 1.55 Aum and a STF with a dispersion of -17 ps/(nmkm) at 1.55 Am. To design the fiber profile, we took the dimensionless profile obtained in the numerical simulation ( Fig. 1) and calculated actual lengths of STF and DSF segments, assuming an input average power of -190 mW and a beat frequency of 59.1 GHz. An average fiber loss of -0.25 dB/km and a measured splice loss of -0.1 dB were also taken into consideration. The alternating STF and DSF segments were then fusion-spliced together, forming a CDPF. In the CDPF, the lengths of DSF segments are determined only by the level of input power, whereas the lengths of STF segments are determined only by the input beat frequency, provided that the STF segments are much shorter than the DSF segments. So the input power and fiber length do not depend strongly on the square of repetition frequency as in dispersiondecreasing fibers. 6 This permits significant expansion of the upper and lower limits of the repetition rates practically achievable with the technique.
The dispersion-length profile of the experimental CDPF is shown in the inset of Fig. 2 . The fiber consisted of 20 segments and had a total length of -7.5 km. The first 2.2-kmn segment of the fiber contained two different DSF's, each -1.1 km long, for SBS suppression. The other DSF segments had lengths of 500-600 m. The length of the STF segments responsible for the average dispersiondecreasing profile decreased monotonically from 220 m (the first STF segment) to 30 m.
The experimental setup for soliton pulse train generation in this CDPF is illustrated in Fig. 2 . A dualfrequency beat signal was generated by a coupledcavity erbium fiber laser incorporating four intracore fiber grating reflectors. 10 The gratings were holographically written in optical fiber. This compact integrated laser of 1.65-cm total length provided stable dual-frequency operation (without mode hops) at 1545 nm with a selected frequency separation of P = 59.1 GHz (0.47 nm). The average linewidth was -16 kHz, and the stability of frequency separation was better than APi\ = 3 MHz (limited by the resolution of the measuring instrument). The phase noise parameter Av/ P characterizing the relative fluctuations of the beat signal period is extremely low in this dual-frequency laser (less than 5 x 10-5). This is an important issue in characterizing this laser, because the beat frequency noise corresponds to timing jitter when the beat signal is transformed into a pulse train. The signal was then amplified in an erbium fiber preamplifier and an erbium/ytterbium fiber amplifier and coupled into the CDPF. Thus our soliton pulse train source has a totally integrated all-optical fiber configuration. The details of the experimental setup of the source are given in Ref. 11. First, the SBS suppression was experimentally examined in the CDPF by measurement of the dependence of the backreflected power on the input power for three fibers: the complete fiber, the first 2.2-km segment of the fiber (consisting of two DSF's as described above), and a 2.2-km uniform piece of DSF (Fig. 3) . Because of the exponential growth of SBS above threshold, the threshold power was easily determined. The SBS threshold in the 7.5-km CDPF (200 mW) is only a little less than in the first segment (-200 mW), but it is two times higher than in the 2.2-km DSF (-100 mW), indicating considerable suppression of SBS in the CDPF.
With SBS suppression, a soliton pulse train was generated at the output of the CDPF with -190 mW of input power. The measured autocorrelation trace and optical spectrum are shown in Fig. 4 . The autocorrelation function consists of a periodical train (period T = 16.9 ps) of well-separated pulses without pedestal or background. Individual pulses are well fitted by a sech 2 -shaped pulse with a duration of Ar T 2.2 ps. The corresponding mark-space ratio (Air/T) was as high as 1:7.7. In the optical spectrum (Fig. 3 ) the shape and relative intensities of the spectral components are in good agreement with a train of soliton pulses with this mark-space ratio.
In conclusion, a comblike dispersion-profiled fiber was suggested and utilized for soliton pulse generation. Such fiber is easily designed by use of commercially available standard fibers. Comblike dispersion profiling in optical fiber can find a number of applications for the control of pulse propagation in a soliton system. In particular, we have demonstrated a totally integrated and passive all-optical fiber source of 59-GHz train of 2.2-ps soliton pulses using CDPF. The demonstrated technique can be used for the generation of pulse trains in a wide range of readily selectable repetition rates from tens of gigahertz to the subterahertz range.
